Aqueous alkanolamine solutions such as monoethanolamine (MEA) and N-methyldiethanolamine (MDEA) are commercially used to remove acid gas such as carbon dioxide (CO 2 ) causing climate change and global warming from power plant flue gas stream. Therefore, to obtain the efficient design and operation of a gas treating process plant, this process requires data of physical and transport properties like density and viscosity of these solutions. The densities and viscosities of binary solutions of monoethanolamine (MEA) + water, methyldiethanolamine (MDEA) + water and ternary solution of MEA + MDEA + water are correlated over the entire concentration ranging from 0 to 1 mole fraction and temperature ranging from 25-80°C for binary system and for ternary system, total concentration of 30% mass and temperature ranges from 30-80°C. Various correlation models such as Redlich-Kister equation, Wilson model, equation of Grunberg and Nissan and an empirical polynomial correlation are used for correlation with the measured data. Among them, the Redlich-Kister equation shows the most suitable model that correlated best with experimental data.
Introduction
Alkanolamine solutions are commercially used in industrial processes such as natural gas sweetening, and acid gas removal from power plant in order to remove carbon dioxide (CO 2 ) from the gas stream. This gas is considered as one of the major greenhouse gases causing climate change and global warming. The alkanolamines that have been widely used commercially are monoethanolamine (MEA), diethanolamine (DEA) and N-methyldiethanolamine (MDEA) [1] . However, these solvents have their limitations. For instance, MEA has low cyclic capacity and high heat of regeneration and MDEA provides low rate of reaction. Therefore, the efforts to resolve these problems of a single amine solution can be achieved by using the mixture of these amines to compensate the drawbacks of each single amine. For instance, the addition of primary or secondary amines, such as MEA or DEA in MDEA, has been implemented to increase the rate of CO 2 absorption significantly [2] .
Furthermore, to design CO 2 capture unit, the physical and transport property data of these aqueous amine solutions and mixture are required since they play an important part in the efficient design and operation of a gas treating process plant other than their uses for estimating the other properties such as reaction rate constant and diffusivity [3] . The specific properties studied are density and viscosity.
Much of experimental work on density and viscosity measurement of MEA, MDEA and mixture has been done. Many researchers have measured density and viscosity data of MEA, MDEA and mixture with water. Maham et al. [4] and [5] , respectively, measured the densities and viscosities of aqueous MEA solutions for the entire concentration range of 0-1 mole fraction and temperature from 25-80°C. Bernal-Garcia et al. [6] reported the densities of aqueous MDEA solutions at concentrations of 0-1 mole fraction and temperature from 10 to 90°C. Teng et al., [7] also published viscosities of aqueous MDEA solutions at concentrations ranging from 0-1 mole fraction and at temperatures of 25-80°C. Li and Shen [8] and Li and Lie [9] , respectively measured density and viscosity data of aqueous MEA plus MDEA at various concentrations of total 30 mass% of MEA and MDEA at temperatures from 30-80°C. These experimental data will be used to correlate with the available models. Then it becomes the objective of the work that is to develop suitable correlations for the densities and viscosities for the binary systems of aqueous MEA and MDEA solutions as well as the mixture of MEA, MDEA and water over the concentration range from 0 to 1 mole fraction at the temperature from 25-80°C for density and viscosity of binary systems and at various concentrations of total 30 mass% from 30-80°C for ternary system in order to predict the properties and design the CO 2 removal process.
Correlation Models for Physical Properties
Numerous equations have been proposed for expressing analytically the composition dependence of the experimental data of liquid mixtures which are RedlichKister equation, Wilson model, equation of Grunberg and Nissan and an empirical polynomial correlation. These equations are selected to correlate the experimental data. These relations are presented as follows:
Redlich-Kister Equation
Redlich-Kister equation [4] - [7] , is presented in Equation 1-6. This correlation is based on the excess function which is of great significant to help in understanding the deviation from ideal behavior of such properties as density and viscosity in aqueous systems. Excess molar volumes and viscosity deviations are calculated from the measurement results and correlated as a function of the mole fractions and temperature. The correlation of properties based on temperature change for excess function of Redlich-Kister equation is presented in Equation 4 .
A Redlich-Kister equation of the excess volume was applied to represent the density of the liquid mixtures as given in Eq. 1-3.
where V E refers to excess molar volume V m is the measured mixture properties V i is molar volume of pure component in the mixture x 1 and x 2 refer to mole fraction of component 1 and 2, respectively.
ρ represents density T is the temperature of the mixture in Kelvin.
and A j , a, b and c are coefficients.
The correlations for viscosity in the form of viscosity deviation are presented in Equations 5-6.
where ∆η refers to viscosity deviation η, η 1 and η 2 are viscosity of mixture and pure component 1 and 2
Wilson Model
Like Redlich-Kister Equation, Wilson model [10] and [11] is based on the excess function as well. The correlation of properties based on composition and temperature change for excess function of Wilson model is presented in Equation 7-9.
where ∆P refers to excess molar volume (V E ) and viscosity deviation (∆η) P represents density (ρ/kg‚m -3 ) or viscosity (η/ mPa•s)
Grunberg and Nissan Equation
Grunberg and Nissan Equation [9] and [12] is normally used to represent the viscosity of mixture of various mixed solutions and is shown in Equation 10-11.
where P m is the measured mixture properties and P i is property of pure component in the mixture A, B, C and D are coefficients G ij is the interaction parameter.
The Empirical Polynomial Correlation
The empirical polynomial correlation as used in the literature [3] , [13] and [14] is derived from empirical equation to represent both effects of composition and temperature. It is presented in Equation 12 .
Furthermore, the average absolute deviations (AADs) between experimental and calculated values are estimated from the following equation: 
exp cal exp P P P n 100 %AAD (13) where n is the number of data points.
Results and Discussion

Correlation Comparison
According to Table 1 . which presents the results of each correlation to represent the experimental data, the Redlich-Kister equation that gives the lowest %AAD is selected to represent the correlation of the available experimental data. The details are discussed below. Table 1 Comparison of % absolute average deviation from various models and equations
The Redlich-Kister equation offers a flexible equation for the excess properties of a liquid mixture. It is a convenient method for representing the data and can be used with various types of liquid solution. The RedlichKister equation for this study used 5 parameters (A 0 -A 4 ) that represent the experimental data. In practice, the larger the number of parameters, the better the representation of the data but, at the same time, the larger the number of reliable experimental data points required to estimate the parameters.
Like the Redlich-Kister equation, Wilson's equation appears to provide a good representation of excess properties for a variety of miscible mixtures. It is particularly useful for solutions of polar or associating components (e.g. alcohols) in nonpolar solvents [10] . Wilson equation provides a practical advantage in calculations where the temperature varies over small temperature intervals as the composition changes without serious error. Wilson's equation presents the expression for the excess function of a binary solution with only two adjustable parameters, A and B. That is why the accuracies of this model for density and viscosity are less compared with Redlich-Kister equation.
According to Poling et al. [12] , the Grunberg and Nissan equation is basically the correlation for liquid mixture viscosity. This technique yields quite acceptable estimation for low-temperature liquid mixture viscosity for many systems, but it does not cover a wide range or types of compounds. It is widely applicable and reasonably accurate except for aqueous solutions. Therefore, for this work, percent average absolute deviation is higher. For the empirical polynomial correlation, it is a purely empirical correlation and it may be practical in one system but not for the others.
From many equations and model considered for this work, Table 1 . compares the percent average absolute deviations for each equation and it is obvious that the Redlich-Kister equation provides the lowest average absolute deviations for this system. Consequently, it can be concluded that the Redlich-Kister equation provides the most suitable models to represent the density and viscosity of aqueous amine solutions.
For binary system
Density. The experimental and calculated results of density of MEA + water and MDEA + water systems from 25-80°C are presented in Figure 1 and 2, respectively. The mixture density increases with the mole fraction of amine almost up to 0.3, after which it decreases with an increase of mole fraction. The calculated values using Redlich-Kister equation are in good agreement with measured data. Redlich-Kister equation coefficients and average absolute deviations of excess molar volume of the binary mixtures are presented in Table 2 and 3 and the percent of overall average absolute deviation for densities is 0.003% and 0.043% for aqueous MEA and MDEA solution, respectively. Table 2 Redlich-Kister equation coefficients of excess molar volume for MEA (x 1 ) + water (x 2 ) system from 25-80°C Table 3 Redlich-Kister equation coefficients of excess molar volume for MDEA (x 1 ) + water (x 2 ) system from 25-70°C Viscosity. The viscosity data of the binary system of aqueous MEA and MDEA solutions are presented in Figure 3 and 4, respectively. The viscosity values increase with increase in the mole fraction and temperature. The coefficients and average absolute deviations of viscosity deviation of the binary mixtures are presented in Table 4 for MEA-water system and 5 for MDEA-water system. The percent of overall average absolute deviation for viscosities is found to be 0.689 % and 0.698% for aqueous MEA and MDEA solution, respectively. Table 4 Redlich-Kister equation coefficients of viscosity deviation for MEA (x 1 ) + water (x 2 ) system from 25-80°C
For ternary system
Density. The experimental and calculated results of density of MEA + MDEA + water systems at total concentration of MEA and MDEA at 30% mass from 30-80°C is illustrated in Figure 5 . The density of mixture decreases monotonically with the % mass of MEA and temperature. From Table 6 and the percent average absolute deviation for densities of this system is 0.005%. Viscosity. The viscosity data of the ternary system of aqueous MEA + MDEA solution is shown in Figure 6 . Like density, the viscosity values decrease with increase in the %mass of MEA and temperature. The coefficients and average absolute deviations of viscosity deviation of the mixtures are presented in Table 7 . The percent average absolute deviation for viscosities is found to be 0.059 %. 
Conclusion
The densities and viscosities of binary solutions of monoethanolamine (MEA)+water, methyldiethanolamine (MDEA)+water and ternary solution of MEA+MDEA+ water are correlated over the entire concentration ranging from 0 to 1 mole fraction and temperature ranging from 25-80°C for binary system and for ternary system, total concentration of 30% mass of MEA+MDEA and temperature ranges from 30-80°C. Various correlation models such as Redlich-Kister equation, Wilson model, equation of Grunberg and Nissan and an empirical polynomial correlation are used for correlation with the measured data. Among them, the Redlich-Kister equation shows the most suitable model that correlated best with experimental data. The percent average absolute deviations (AAD) obtained with this model for binary system are 0.003% and 0.689% for density and viscosity of MEA solution and 0.043% and 0.698% for density and viscosity of MDEA solution and ternary system is 0.005% and 0.059% for density and viscosity of MEA+MDEA solution.
